The problem of low and non-uniform resolution has long been a topic of research in catadioptric omni-directional imaging. This paper presents a compressed sensing method to solve this problem. A non-uniform measurement matrix is designed according to the distribution of the system's resolution. Numerical simulation shows that the proposed method is feasible and effective.
INTRODUCTION
Catadioptric omni-directional imaging is widely used in many applications, such as video surveillance, robot navigation, three-dimensional (3-D) reconstruction, etc., owing to its advantage of one-shot seamless panoramic imaging with a 360 degree field of view. However, as the application research of omni-directional imaging is further investigated, the problem of low and non-uniform resolution has obviously become the main obstacle of its generalization. Some resolution enhancement methods depending on post-processing are published in [1, 2] . But, due to the low and non-uniform resolution of original sampled omni-images, the improvement is ________________________ very limited. Using the SVAVISCA sensor which has a non-uniform pixel density that decreases with radius, Stefan [3] designed an omni-directional camera. This approach is simple and intelligible, but has high cost and alignment problems. Based on multiple reflecting mirrors, Chen [4] designed a complementary-structure omnisensor for resolution enhancement. This method has low cost, but decreases the vertical field of view. This paper combines compressed sensing [5, 6] and omnidirectional imaging to solve the resolution problem. Next we describe the method in details, give the experimental results, and draw the conclusion of the proposed work.
THEORY
Compressed sensing (CS) suggests that one can reconstruct signals from significantly fewer samples or measurements than Nyquist/Shannon sampling theory uses, since CS relies on the fact that many natural signals are sparse or compressible in proper basis. Actually almost all images are sparse and compressible. Based on this assertion, a new research direction on compressive imaging (CI) has been developed [7] . According to this, Compressive Super resolution (SR) is being considered as one of the "holy grails" of optical imaging and image processing. This provides a new approach for improving the omni-image resolution. We design a non-uniform measurement matrix according to the distribution of the system's resolution. Using the unequal compressed omni-image, the high and uniform resolution image can be recovered from the reconstruction algorithm.
A. Non-uniform Distribution of image Resolution. Since omni-directional sensors have a 360 degree field of view that is much wider than conventional cameras, the pixels of a same spatial object in omni-directional imaging must be relatively very few when the amount of pixels on the image plane is fixed. Simultaneously, because of the difference between the amounts of pixels in the inner and outer within a same radial span, the resolution of the inner part is poorer than the outer in omni-images. In this paper, we take the omni-camera with hyperbolic mirror and a perspective camera as the experimental system. Based on the unifying model for catadioptric projective geometry ( Figure. 1) , which proposed by Geyer [8] , we analyze the distribution of system's resolution (defined as dA/dv), and obtain the relationship of resolution between omni-camera and projective camera.
Where dA/dω' is the resolution of projective camera, (r, z) is the coordinate on the unit sphere, and ξ(0<ξ<1) is the mirror parameter for hyperbolic mirror. Figure 2 describes the relationship between the recovery error and number of CS measurements. We take the mean square error (MSE) as objective criteria.
Suppose that x is a K-sparse signal of length N, where N is 256 and K takes the values of 5, 10, 15, 20 and 80 in Figure. 2. When K is invariable, the MSE grows against the number of measurements. If it aims to obtain the same MSE of different signal, larger M should be applied for dense signal. The main idea of our imaging method is applying the distribution of system's resolution to CS scheme. Since CS is performed in the manner of block-processing, we need to calculate the resolution of each image block. Assuming that the omni-image is split into nonoverlapped blocks of fixed size, and let Bi denote the i-th block of the image. The resolution of i-th block can be defined as
Where N is the total number of pixels in block Bi. We define the rate of resolution between omni-camera and perspective camera as:
Because ξ∈(0,1) and zj∈(0,1), then we can see ρi∈(0,1). After the resolution of Bi is obtained, the number of CS measurements assigned to block Bi can be calculated as max min min
Where the function "round(*)" forces input quantity equal to the nearest integer. Note that Mmax and Mmin are the possible maximum and minimum of the number of random CS measurements that can be assigned to a block.
According to the non-uniform measurement matrix M, the linear Bregman iteration [9] is employed for the reconstruction in order to obtain the high and uniform resolution omni-image. According to human visual habits, we unwrap the omni-image to cylindrical panoramic image based on panoramic unwrapping method.
Stimulation results: To demonstrate the effectiveness of the above compressive sensing method, we simulate reconstruction of the "Cameraman", "Lena", "peppers" and USAF resolution test images in a cylindrical panoramic space. Figure 3 shows the results of original imaging method and our proposed method. Figure 3(a) is the image captured by traditional catadioptric imaging method. Figure 3(b) is the image captured by our method. Due to the serious annular distortion, the original captured omni-image usually needs to be unwrapped to cylindrical panoramic image, which is more proper for human visual perception. The cylindrical panoramic images correspond to Figure 3 The experimental results show that the proposed imaging method can obtain high and uniform resolution cylindrical panoramic image without changing on image sensor or reflecting mirror. 
CONCLUSIONS
We discussed a novel algorithm to solve the resolution problem of catadioptric imaging system. Firstly, we analyzed the distribution of the omni-sensor's resolution. Then we applied the distribution to get the non-uniform measurement matrix. Experimental results show that our algorithm is feasible and effective. And the proposed method can also work well in fisy-eye camera. As a future work, we will conduct further study to optimize the measurement matrix and reconstruction algorithm in order to develop a real-world system for catadioptric omni-directional compressive imaging.
